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High-Frequency Small-Signal and Noise Characterization for

Advanced MOSFETs Considering Temperature Dependence

Student: Sheng-Chun Wang Advisor: Dr. Pin Su

Department of Electronics Engineering and Institute of Electronics

National Chiao Tung University

Abstract

This dissertation provides a comprehensive high-frequency small-signal and noise
characterization and modeling for various kinds of modern planar MOSFET devices,
including the bulk MOSFET, silicon-on-insulator (SOI) MOSFET, partially-depleted SOI
dynamic threshold voltage (DT) MOSFET, and strained MOSFET. The traditional RF
small-signal equivalent circuit for the bulk MOFET will be modified to include existing
parasitic components present in each kind of MOSFETs. Based on each tailored small-signal
model, the corresponding high-frequency noise model can be built by adding the noise
sources in place. For the first time, the temperature dependence of the high-frequency
performance will also be discussed.

The SOI MOSFET has the inherent neutral-body effect, which will be found to influence
the output characteristic even in GHz applications. The channel noise §,, has been shown to
have a negative temperature coefficient for both the bulk and SOI MOSFETs due to the
lowered channel conductance at high temperature. Besides, the self-heating effect (SHE) and
the floating-body effect (FBE) of the SOI MOSFET would make its noise factor higher than

the bulk MOSFET. It shows that the FBE, which dominates at low V_, regime, can be

suppressed by elevating the ambient temperature, while the SHE, obvious at high V., would
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be partly counterbalanced by the lowered channel conductance at high temperature.

The body-related parasitics and the series resistance of the SOI DT MOSFET are found

to have more impact on f,

max

(maximum oscillation frequency) than f, (cut-off frequency).
Besides, in the normal bias condition - low gate and drain voltage (low VDD ) regime, both
f, and f, .. have positive temperature coefficients due to the increased g,

(trans-conductance) at high temperature. We also show that the DT MOSFET would get a

negative temperature coefficient for equivalent noise resistance R, towards the weaker
inversion region due to the much higher g’ than S, with increasing temperature.

Furthermore, our research results show the noise arising from the body resistance R, can

degrade the minimum noise figure NF,

min ?

and the larger R, encountered in the low VDD
regime would have less impact on the temperature dependence of NF . .

The tensile-strained nMOSFET presents larger S,, than the control device due to its
enhanced mobility and nearly the same saturation voltage for a given bias point, and has the
same temperature dependence of S, as, the control device. However, our measured data
indicates that the enhanced carrier trans-conductance in the tensile nMOSFET would
contribute to better f, , f..., NF,, and R, than the control device for a given DC power
consumption.

Finally, for the emerging millimeter-wave applications, we examine the millimeter wave
noise behavior of 65nm MOSFETs. The experimental results show that the continually
increasing S, makes it play a more and more important role in the millimeter-wave noise

modeling and characterization. Besides, compared to the substrate resistance, the gate

resistance has more impact on the noise parameters in the millimeter-wave frequency.

Keywords: DT MOSFET, millimeter-wave, noise factor, noise parameters, RF, SOl MOSFET,

small-signal, temperature dependence, tensile-strained

v



AT AR MRS o F A AR P BRRE
L s ke Bk ERE R FERR Y RN 6

‘#@%~%%2 BESFES CRAP TG S ES
o4 BAEAAT L ety G o b o r R B R R R

?%mﬁﬁ mrg RES FTRIFRD A L RFHR R
mﬁcﬁhmo

RS T  E AR s o T b R A R KR I R E L
frf Sk din R E IR IR ST R PR E
P R A& hFl e fo et o

B RO A RFHASMGEE S F o RAT 2 LS %
LA hE o

2011.3



Contents

ADSLIACE (CRINESE) ..ottt ettt ettt et et e et e st eeabe e beesabeebeesnbeeseesseesaseans 1
ADSLract (ENGLISH) ...oooiiii et il
Acknowledgement (CHINESE) ........ceeouierieeiieriieeiieeiie ettt ettt ettt st siee s be e aeeeabe s \%
COMEEIES ...ttt ettt e bt e e bt e e ettt e s st e e e sab e e e sabee e sbeeebbeesbbeesabeeesabeeenas vi
TaDIE CAPLIONS ..eetiiiiniieiiiiteeteet ettt ettt et st sb et s bt et e bt e b eaeesan e viil
FIGUIE CAPLIONS ..ottt ettt sttt et sb e et s bt b et sbe et eanens X
Chapter 1 INTrOTUCTION........cc.oiiiieeiece ettt et eaaeeveeeaneenneas 1
Chapter 2 RF Small-Signal Modeling and Characterization for SOl MOSFETS
2-1 INEEOAUCTION .ntiiiiieiie ettt ettt ettt et e et e et eeat e e bt e s abeenbeesaeeenbeesneeenneas 8
2-2 Devices and EXPETTMENLS ........cceeeiieiiieiiiieiiieeiiesiie ettt ettt et siaeebee e 9
2.3 Neutral-Body Effect on the Resistance EXtraction ............cccocceevvieniiniiiininniieeieeieeee, 9
2.4 Neutral-Body Effect on the Intrinsic Modeling .............ccoeiieiieniiiniiiniieiierieeeeee 12
2.5 Neutral-Body Effect on the Output Characteristics .........coceveerueeviereenerieeneenienienneenne 15
2.0 SUIMIMATY ...eveeiieeiiieniteete ettt ettt ettt e sttt et e st e e et e st e et e e sttt ebeesaneemreesaneeseesaneenneenas 16
Chapter 3 RF Noise Characterization for Bulk and SOl MOSFETs
3.1 INtrOAUCTION ...ttt e st e ettt ettt sb ettt sbe et et s bt e bt e e bt eae e 37
3.2 Devices and EXPeriments.........ciie et it it i e ettt ettt 37
3.3 RF Noise Characterization for Bulk MOSFETS ......c..coccooiiiiiiiiiiiiicecce 38
3.3.1 RF Noise Characteristics for Medium-Long Devices..........cccccocevveriiniinenicnenne 38
3.3.2 RF Noise Characteristics for Deep-Submicron Devices..........cccecerveniinienicnnnene. 40
3.4 RF Noise Characterization for SOI MOSFETS ....c..ccccovviiniininiiinieninicnececeeeceene 41
3.5 SUITIMATY .ottt ettt ettt e e san e et saneebeesaneenee 43
Chapter 4 RF Noise Modeling and Characterization for SOl Dynamic Threshold
Voltage MOSFETSs
4.1 INEEOAUCTION ..entiiiiieiie ettt ettt ettt e et e st e et e et e eabeesaeeeabeesseesnseanaeeans 64
4.2 Devices and EXPeriments.........cccuiiiuieiiieiieiie ettt ettt tee st e e eee 65
4.3 RF Small-Signal and Noise Modeling ............cocueviriiiriiniiiiniiniiicnceciceeeseeeene 65
4.3.1 Equivalent Circuit and Model Parameter EXtraction ...........ccccceceeveeviericneenennene 65
4.3.2 Verification of the Extraction Results .........c.ccooiviiiiiiiiiiiiiiniiieeeeeee 67
4.4 RF Small-Signal CharacteriZation ...........cccceceeiereriienieneeiienicnieeie st 68
4.4.1 Temperature Dependences of Small-Signal Parameters ...........ccccceceevervcninncnnene 69
4.4.2 Temperature Dependences of f,  and [, .occooeverenininninneececccceen 69
4.4.3 Series Resistance Effect .........ociiiiiiiiiiiiiiiiie e 71
4.5 RF N0i8€ CharacteriZation ...........ceecuieruierieeiienieeiie st eieesteeieesiteeteesieeeseeseeeeseesaeeens 72
4.5.1 Channel Noise and Equivalent Noise ResiStance ..........ccccceceveevuenicneencnecncennen. 72
4.5.2 Output Noise Current and Minimum Noise Figure ..........ccccoeveeveriiniincniincennen. 73
4.0 SUIMIMATY ...coetiiiiiiieeiieete ettt ettt ettt et e e st e e bt e eaneesaeesaseebeesaneenneesaneeneeeas 74



Chapter 5 RF Noise Characterization for the Tensile-Strained nMOSFET

51 TNEFOAUCLION ..ttt ettt ettt e st e et e st e e bt e sneeeabeesaeaens 103

5-2 Devices and MEaSUIEIMENLS ........cc.eeriieriieriieniieeteeniieeteesieeeteesieesteesaeesnbeesseesaseenaeeens 103

5-3 Channel Noise CharacteriZation ............ccceeueerieerieeniienieeiee e esteesee et see e e seeeeeens 104

5-4 Noise Parameters Characterization............c.eeeeeeiiienieeiieiie et 106

55 SUIMMATY ..ottt ettt ettt et e s e s be e s i e eaneesaneeaneenane e 107
Chapter 6 Millimeter-Wave Noise Characterization

0.1 INEFOAUCTION ..ttt ettt ettt ettt e et e bt e et e esseesabeesaeeens 123

6.2 Devices and EXPeTiments ........ccueiuiiriieiienie ettt et ettt et ebee s e 123

6.3 Channel Noise Source Characterization and Modeling ..........c.ccccevveevenieneencncienens 124

6.4 Noise Parameter Characterization and Modeling ...........ccccoeceeveriiniininiineencnicnene 126

6.4.1 Intrinsic NOiS€ Parameters ...........ccccceecverieriiniinininiiicicicenenecee e 127

6.4.2 The Impact of Gate Resistance on Noise Parameters .............coceveeveriinennicnnns 127

6.4.3 The Impact of Substrate Resistance on Noise Parameters..........c..cccceevvereenennnene 128

0.5 SUITIMATY ...eeiiiiiiieeieeee ettt ettt st e e s ene e b e sar e e b e saneenneenes 129

Chapter 7 CONCIUSION .......ooouiiiieeeeee ettt et et et eveeeaeeeaaeeaee e 144

VI (CRINESE) ..ottt ettt ettt et e e it e et e s it e et e e s st e e beesabeenbeeenbeenseesaseenseennee 147

PUDIICAtION TISE ...t i s et s ettt et et e et e et e st e et eeeaaeebeeenee 148

vil



Table Captions

Chapter 2
Table 2-1  Extracted model parameters for the extrinsic resistances. The values of

L/W./N./Ng; for FET1, FET2 and FET3 are 0.12um/2.4pum/16/3 ,
0.12pum/1.8um/2/18 , and 0.12um/3.6um/11/4, respectively. ........cccoevuvrennennee. 20

Table 2-2  Extracted model parameters for the intrinsic modeling. (V3 =1.2V")........c........ 21

Chapter 3

Table 3-1  Extracted g,,, C, and their normalizations with respect to cases at -40°C for

the bulk MOSFET. (L = 0.36 [N ) cvvvouevveereeeeeeeeeeeseeseeeeeseeeeeseeesseseeessseeseeseenns 48

Table 3-2  Extracted R, , R, , and R, for both the SOI and bulk devices.

(L= 0.12 [N oo ettt seeeee e eseee e eeseeeesesseeseeeeseseeeseeeeens 49

Chapter 4

Table 4-1 Extracted model parameters < for bias  condition V  =0.8V,andV, =1V .

LIW, I Ny Ng=024pm/ TUM/8/16) .o 79

Chapter 6

Table 6-1  Extracted intrinsic small-signal parameters that can benefit the characterization

of the noise parameters. (Vg =1.0V, Vo =12V )i 132

viii



Figure Captions

Chapter 2
Figure 2-1 [, versus V,, curves for the RF SOl MOSFETs showing their properties of

being partially depleted. (L/W, /N, /N, = 0.12pm/2.4pm/16/3) ............... 22

Figure 2-2  Traditional equivalent circuit for the bulk MOSFET under the zero condition.

Figure 2-3 Resistance curves for the bulk and PD SOI MOSFETs. (L/W, /N, /N, =
0. 12M 7 2ARM/T60/3 ) e 24
Figure 2-4 (a) Cross-sectional view of the SOI MOSFET under the zero condition, and (b)
its corresponding equivalent CITCUIL. ......c..cecvvereriieeiieeeiieeeieeeeee e evee e 25
Figure 2-5 Model-data comparison for the extraction of extrinsic resistances.
(L/W./Np/N; = 0.18um724um/MN6/3) ..coeeriiiiiiiininieieeeceeeene 26
Figure 2-6 Modeling results for extrinsic resistance extraction considering the neutral-body
effect. (symbols: measured data; lines:models) .......c.coeeevveeviieeiiieiiiiieiieeees 27
Figure 2-7 Correlation between Re(Z22 —le), Re(le) , and Re(Z11 —le). (symbols:
measured data; lines: MOdelSs).......c.eeerviieiiieeiiieeieecee e 28

Figure 2-8 Intrinsic small-signal model considering the neutral-body effect for the SOI

MOSFET. oot 29

Figure 2-9  Modeling results of C,, C,, and g, . (symbols for measured data, lines for

models,and L/W,. /N, /N, = 0.12um/3.6um/16/2) ...ccceevverveniniiniancnne. 30
Figure 2-10 Modeling results of (a) G,,,,and (b) C,,. (symbols for measured data, lines for
models,and L/W, /N, /N; = 0.12um/3.6um/16/2) ...ccccevvvrenerinenennne. 31

Figure 2-11 Modeling results of (a) §;, and S,,, and (b) §,, and §,,. (frequency: 0.2 ~
10GHz, symbols for measured data, lines for models, and L/W,./N,./N, =

0. 12M /3. L6/2 ) v eeseeeeeeeeeeseeeeeseseeseseeeeeseesssesseesseseseeseeseeseees 32

X



Figure 2-12 Modeling results of (a) S,, and S,,, and (b) §,, and §,, with and without
considering the neutral-body effect (NBE). The anomalous behaviors are
highlighted, and the bias conditions for Bias A and B are V =04V,
Vps =12V and V=12V ,V, =12V, respectively. (frequency: 1IMHz ~

6GHz,and L/W,/N./N; = 0.12um/2.4um/16/3)....cccccccvvviiiiiinnnn. 33
Figure 2-13 Modeling results of (a) |S22| and ZS,,, and (b) |Szl| and ZS,, with and

without considering the neutral-body effect (NBE). The bias conditions for Bias
A and B are V=04V, V=12V and V=12V, V, =12V,
respectively. (L/W, /N, /N, = 0.12um/2.4pm/16/3) .cccooveriviiiiicninene. 34
Figure 2-14 g,. and g, versus V,, for different V., . ( L/W./N./N, =
0.12UmM / 3.0HM/TO/2) oot 35

Figure 2-15 n versus V, for different V.. (L/W./N./Ng; = 0.12um/3.6um/16/2)

Chapter 3

Figure 3-1 Induced gate noise (S, ) versus frequency for the bulk MOSFET under different

temperatures. (L =0.36 ym,and Vi =V, =1.2V) i, 50
Figure 3-2 Channel noise (S,,) versus frequency for the bulk MOSFET under different

temperatures. (L =0.36 um,and V., =V, =1.2V) i 51

Figure 3-3  Correlation noise (Sig ) versus frequency for bulk MOSFET under different

temperatures. (L =0.36 pum, and Vg =V, =1.2V) i 52
Figure 3-4 Model parameters &, y, ¢ and correlation coefficient ¢ versus temperature
for the bulk MOSFET. (L =0.36 pm, and Vi, =V, =12V ). 53
Figure 3-5 Noise model parameters (a) o, (b) y, (¢) &, and (d) ¢/ j versus drain bias
for different temperature and gate bias conditions for the bulk MOSFET.

(L= 0.36 [N wooorreeeeeeeeeeeeeeeeeeeseeeeeeeeeesseeseseeseeseesesseseessessseeesessesseseeeessessesees 54



Figure 3-6 Temperature dependence of y for bulk devices with different channel lengths.

Figure 3-7 Temperature dependence of g,, for bulk devices with different channel lengths.

Figure 3-8 Temperature dependence of §,, for bulk devices with different channel lengths.

Figure 3-9 Temperature dependence of g, for bulk devices with different channel lengths.

Figure 3-10 Temperature dependence of (a) NF,, and (b) R, for bulk devices with

different channel lengths. ...........cccoooiiiiiiiiiiiiie e 59

Figure 3-11 Noise factor y for both SOI (symbols) and bulk (lines) devices with different

channel [en@ths. .......cc.oooiiiiiiiii s 60

Figure 3-12 Temperature dependence of noise factor y for both SOI (symbols) and bulk
(IINES) AEVICES. .oovviieiieeiireee e iaeessstaeaneee i b st eeteeeeereeesaeeestseeessseeenaseeensseessseesseeens 61
Figure 3-13 The comparison of (a) S,,(b) g,sand (c) C, versus current for a given

voltage between the bulk and SOI MOSFETs. (Vg =1.0V ) e 62

Figure 3-14 The comparison of (a) NF,

min

and (b) R, versus current for a given voltage

between the bulk and SOI MOSFETs. (Vg = 1.0V ) oo 63

Chapter 4

Figure 4-1 Temperature dependence of the threshold voltage for SOI DT MOSFETs.

Figure 4-2 RF small-signal equivalent circuit for the SOI DT MOSFET.

Figure 4-3 Model-data comparison for the extraction of series resistances using zero method.

(LIW, /N, /N, =024um/1lum/8/16, and Vg =Vpe =0V coooovvveeerrerrereeeen 82

Figure 4-4 Proposed parameter extraction flow. .........ccccceeiieriiieiiiiieniie e 83

X1



Figure 4-5

Figure 4-6

Figure 4-7

Figure 4-8

Figure 4-9

Figure 4-10

Figure 4-11

Figure 4-12

Figure 4-13

Figure 4-14

Figure 4-15

Figure 4-16

Figure 4-17

Modeling results for (a) Re(Y ) and (b) Im(Y )
(L/W./Np/Ng=024pum/Ium/8/16). ..ccovevieiriiiiiiniiiciceeeeeeeeeeee 84

RF small-signal and noise equivalent circuit for the SOI DT MOSFET.

Noise modeling results for (a) NF,,, , R,,and (b) [, . (Z =60 pA/ JVHz,
and L/W,/N./N;=024pum/1um/8/16) ....ccccveviiviinininininiiicicieicieienne 86
(@ g,,(0b) R,,and(c) C, versus VDD characteristics for DT and standard
MOSFETs with different channel lengths. (W, /N, /N;,=1um/8/16) .............. 87
@ g, ad g,, (b C,, ad C,, , and (¢) R, versus VDD

characteristics for DT MOSFETs with different channel lengths.

(W I N TNGZTIM/B/TO ) ittt 88
Temperature dependences.of (a).C, 5 (b) R, , and (¢) g, for SOI DT
MOSFETs. (L/W, /N, I'N;=012pm /1pm/8/16) ....ccccvvvvvvvvcieeeneene....89
Temperature dependences of (a):C,;, and C,,, (b) R,,and (¢c) g,, for the
SOI DT MOSFET. (L/W, /N, /N;=0.12um/1pm/8/16) .....cccovevvriierninnne. 90
(a) Model-data comparison for (a) f,,and (b) f ... -oeermrmimieniienenee, 91
Temperature dependences of (a) |H 21| and (b) U for the SOI DT MOSFET.

............................................................................................................................ 92

Temperature dependences of m and Q. e 93

(a) The short-circuit current gain |H 21| with (symbols) and without (lines)

considering the series resistance effect. (b) The unilateral power gain U with
(symbols) and without (lines) considering the series resistance effect. ............. 94
Temperature dependences for (a) f, and (b) g, . -cooeremremieninieniieeicicenn 95

(a) The bias dependence for «,, and (b) the temperature dependence for f,

max °

Xil



...96
Figure 4-18 Channel noise versus VDD.
(Wi I N TNGZTUM/B/TO) ittt 97
Figure 4-19 The temperature dependences for (a) S, and (b) g,,-

(Wi I Np ITNG=TUM/B/T6) i 98
Figure 4-20 The temperature dependences for (a) R, ,and (b) g .

(W /Ny /N GZTUISITIE) oo eeeeeeeeeeeeeeenene 99

Figure 4-21 (a) The noise contribution from the body noise to the output noise current with

respect to that from the channel noise. (b) The extracted body resistance as a

function of VDD . (W, /N /N;=1pm/8/16) ...ccccecverininiriniiiiicieicnenenn. 100
Figure 4-22 Sensitivity analysis of the variation of R, to its noise contribution.
(Wi I N T NG=TUM/B/T6) i 101

Figure 4-23 NF_, as a function of -¥VDD; at different temperatures for various channel

length devices. (W, /N 7N =I0M/8/16 ) ....oeviviniiiiiiiiiiieiciceeeee 102

Chapter 5

Figure 5-1 Tensile stress in the channel of a  high-strained nMOSFET.

Figure 5-2 IV characteristics for the strained and control devices. ( L = 60nm)

Figure 5-3  f, and f . versus drain current for the strained and control devices.

(L =600, eereeoeeeeeeeeseeeeeeee s seeeees e eeesee e s e eeeseeeeees e eees e eees e eeesse e 113

Figure 5-4 The measured and modeled results for NF,, and R, . ( L= 60nm)

Figure 5-5 Power spectrum density of the channel noise (S,,) versus temperature for the

Strained and CONTIOL AEVICES. ..vvvvereeeeeeeieeeeeeeeeeeeeeeeeeee et eeeeeeeeeeeeeeeeeeeeeeeeeenenes 115

xiii



Figure 5-6 (a) Similar drain saturation voltage (V) ,,, ) for the strained and control devices at

each temperature, and (b) the good match between the measured S,, and

Asgaran model (Equ. (5-1)). (L =600M) .......cccoeviiriiiiiiiniieieeieeeeeee e 116

Figure 5-7 (a) Channel conductance at zero drain bias ( g,, ) and (b) noise factor (7 ) versus

temperature. (L =O00NM). ......ocoviiiiiieeiiecie e 117

Figure 5-8 Noise factor versus channel length for different ambient temperatures.

Figure 5-9  Trans-conductance ( g, ) versus drain current for the strained and control devices.

The insets show the gate capacitance versus drain current. (L = 60nm). ......... 119

Figure 5-10 S, versus drain current for the strained and control devices. (L = 60nm)

Figure 5-11 (a) NF,., (b) R,, (c)

I_‘opt

, andi(d) £T,, versus drain current for the

strained and control devices. (L =60NM) .i......ccceeevviieiiieeciie e 121

Figure 5-12 Access resistances for the ‘strained and control devices. R, R,, and R, are

access resistances associated with the source, drain and gate terminals,

1eSPECtiVElY. (L = O0NM) ..oooviiiiiiiiiieiiieiieeie ettt ens 122

Chapter 6

Figure 6-1 Broadband (1 to 60GHz) noise parameters. (a) NF . and R, versus

frequency plot, and (b) I',, in Smith Chart. The data below 18GHz were

measured by ATN system, while above were measured by Auriga system. (c)
Good agreements between extracted channel noise and its theoretical value for a
COLA AEVICE. .ttt 133

Figure 6-2 RF noise equivalent circuit for the bulk MOSFET. .......ccccocoviiiiniininiiene. 134

Figure 6-3 Extracted (a) S,,,(b) S

o » and (c) Sig + versus frequency. The solid lines show

X1V



the frequency dependence. .........ccceeeuiieiiieeriie e e 135

Figure 6-4  Short-circuit current gain (| /,, |), unilateral power gain (U ), and associated
gain (G, ) VETSUS fTEqUENCY. ..ooviviiiiiiiiiiiiiiciiicicicii s 136
Figure 6-5 Noise factor y versus gate length. ... 137
Figure 6-6 Extracted channel noises (symbols) and their theoretical values (lines) calculated
using Equ. (6-2) versus drain CUITENL. .........ccccceeevieeerieeniiieeeiieeeieeeereeeseveeenes 138
Figure 6-7 Saturation voltage versus channel length. .............cccocooiiiiiiiiiiii 139
Figure 6-8 Modeled (a) NF,;,, (b) R,, (¢) G, , and (d) B, versus frequency. The
impact of S, , the gate resistance and the substrate resistance on these noise
parameters are alsSo SNOWIL ...ccc.oiiiiiieiiieciie e 140
Figure 6-9 S, and R, VEISUS ;. .cocooiomimrmemiemireemseissessesessesssesseessssssasesesenons 141
Figure 6-10 Extracted gate resistance (R, ) versus channel length. ... 142
Figure 6-11 R, and S, /S, versus gate length .. o ..o 143

XV



Chapter 1

Introduction

With the advantages of low cost, low power, high integration capability, and easy access
to technology [1][2], CMOS technology has become an attractive choice for RF applications.
Specifically, the continuous downscaling of CMOS processes beyond the deep sub-micron
generation has led to the improved cut-off frequency ( f,) and minimum noise figure ( NF, . )
of MOSFETs [3]-[5].

To save time to market and reduce the design cycle, the demand for accurately modeling
the RF characteristics is strong and has attracted a bunch of studies. Recently, a lot of
investigations on the RF small-signal characterization and modeling for the traditional bulk
MOSFET have been reported. The equivalent circuit used to analyze and model the RF
small-signal behaviors for bulk MOSFETs is well-built, and the parameter extraction
methodology has been well-developed, .either for the intrinsic or extrinsic components
[6]-[10]. Based on this mature equivalent citcuit; many reports on RF noise characterization
and modeling have been presented accordingly. They have shown that both the channel noise
and noise factor would increase with decreasing channel length [11][12], and this can harm
the RF noise performance. Besides, the impact of parasitics associated with the probing pad
and substrate has been examined [13][14]. The temperature dependent noise behavior for the
bulk MOSFET, however, has rarely been discussed.

The emerging silicon-on-insulator (SOI) technology has shown the features of low
junction capacitance, high process capability with the traditional bulk silicon process, low
cross-talk [15][16]. Therefore, it has become an alternative to the traditional bulk MOSFET
technology. Due to the low-pass filter nature, its inherent floating body has been shown to
have significant effect either on the ac output characteristics [17] or the flicker noise

performance [18]. Hence, the parasitic neutral body region is usually assumed to be negligible



to the above mega-hertz application [19]. In fact, we will show that the coupling path through
the quasi-neutral body region may still play an important role in the RF SOI modeling in
several GHz. Besides, several studies have considered the self-heating effect to capture the
noise behavior for the SOI MOSFETs [20][21]. Nevertheless, the direct comparison of RF
noise performance between the bulk and SOI MOSFETs in terms of noise parameters and
white- ¥ noise factor has not been widely reported.

Another novel device formed by connecting the gate and body terminal together is the
dynamic-threshold voltage MOSFET (DT MOSFET). The DT MOSFET, which can be
fabricated using the SOI process, has the advantages of larger current driving ability and low
leakage current [22]. Hence, it is also attractive for RF application [23]. To give a
comprehensive discussion, we will cover the study on the temperature effect of body-related
parasitics and series resistances on f, and f . The RF noise behavior and its temperature
dependence will be addressed as well.

To maintain the scaling trends of CMOS devices while bypassing the other physical and
technological issues, strain-engineering technology has become a popular way to fabricate
devices. Recently, the strained CMOS technology has demonstrated its excellent RF
performance with a high cut-off frequency ( f,) [24]. However, the effects of the highly
tensile stressors on the high frequency noise characteristics have rarely been unveiled. Hence,
it is necessary to investigate and analyze the high frequency noise characteristics of
tensile-strained nMOSFETs.

Besides, with the continuous downscaling of channel length toward deca-nanometer
regime, RF MOSFETs have entered the field of millimeter-wave applications [25]. The
previous works have discussed the RF noise behavior for deep sub-micron MOSFETs
operating mainly in several GHz, and the experimental results for the millimeter-wave noise
characterization and its corresponding modeling are deficient. We will use an external
tuner-based method to demonstrate a complete millimeter-wave noise characterization and

modeling up to 60GHz for 65nm MOSFETs. Since the gate resistance and substrate loss have
2



been reported to be main issues to degrade the RF noise performance, these effects will be
considered in this thesis.

This dissertation is organized as follows. Chapter 2 presents small-signal modeling for
RF SOI MOSFETs. Especially, we have incorporated the neutral-body effect in our RF SOI
model. This effect can not be ignored in both RF extrinsic and intrinsic modeling stages. In
addition, we have developed a physically-accurate parameter extraction method based on our
analytical expressions. Our modeling results agree well with the measured data and can
capture the frequency dependences of both output conductance and capacitance in the GHz
frequency region. The anomalous §,, and §,, behaviors as well as the output conductance
rising effect observed in our measurements can be predicted and described using the proposed
model.

In chapter 3, we experimentally study the temperature dependence of the power
spectrum densities (PSDs) of the intrinsic noise sources for both the RF bulk and SOI
MOSFETs. The popular van der Ziel’s model is used to check its applicability at different
temperatures. The power spectral density. (PSD) for the channel noise current is found to
decline as temperature increased due to the decreased channel conductance. Along with the
extracted small-signal and van der Ziel’s model parameters, their temperature dependences
can be well described. For completeness, their temperature-dependent noise parameters are
demonstrated as well. Besides, for SOl MOSFETs, our experimental results reveal that the
significant floating body effect and the self-heating effect may contribute to the higher noise
factor compared to the bulk counterparts.

In Chapter 4, temperature-dependent RF small-signal and noise characteristics of SOI
dynamic threshold voltage (DT) MOSFETs are experimentally examined. In the low voltage
regime, both the cut-off and maximum oscillation frequencies ( f, and f ) tend to increase
with temperature. In addition, the inherent body-related parasitics and the series resistance

have much more impact on f

max

than f,. Besides, we found that the noise stemmed from

the body resistance (R,) would contribute to the output noise current, and degrade the

3



minimum noise figure ( NF

min

). Our study may provide insights for RF circuit design using
advanced SOI DT MOSFETs.

The high-frequency noise behavior of tensile-strained nMOSFETSs, including its
temperature dependency, is experimentally examined in Chapter 6. Our experimental results
indicate that with similar saturation voltages, the strained nFET 1is found to have a larger
channel noise than the control device at the same bias point. For a given DC power

consumption, however, due to enhanced trans-conductance, the strained nFET has better small

signal behaviors (higher f, and f_ ) and noise characteristics (smaller NF

min

and R))
than the control device.

Using an external tuner-based method, Chapter 6 demonstrates a complete
millimeter-wave noise characterization and modeling up to 60GHz for 65nm MOSFETs for
the first time. Due to channel length modulation, the channel noise continues to increase and
remains the most important noise source in_the millimeter-wave band. Our experimental
results further show that, with the downscaling of channel length, the gate resistance has more
serious impact on the high frequency nois¢ parameters than the substrate resistance even in
the millimeter-wave frequency.

Chapter 7 concludes the experimental results of this dissertation.
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Chapter 2
RF Small-Signal Modeling and Characterization for SOI
MOSFETS

2.1 Introduction

Due to its highly integrated nature and good scaling capabilities, CMOS technology has
become an excellent choice for RF applications. SOI CMOS is especially a promising
candidate for the RF system-on-chip integration because of its low source and drain parasitic
capacitances, high process capability with the traditional bulk Si process, reduction in
cross-talk between RF and digital circuits, and easy integration of high quality passive
elements [1][2]. With the penetration of SOI CMOS into RF applications [3][4], RF SOI
small-signal modeling has become a crucial design issue.

Although several investigations [5]-[8] regarding the RF SOI small-signal modeling have
been carried out in the past, it was assumed that the RF small-signal equivalent circuit of the
SOI MOSFET is essentially identical to that of the bulk counterpart. Moreover, Lederer et al.
proposed a SOI model suitable for body-tied devices without considering the neutral-body
region underneath the gate oxide layer [6]. However, we will show that the coupling path
between the source and drain terminals through the quasi-neutral body region may play an
important role in the RF SOI modeling [9].

In this chapter, we will present a comprehensive RF SOI small-signal model considering
this neutral-body path [10]. Based on this model, the methods suitable for RF extrinsic and
intrinsic parameter extractions will also be demonstrated. Finally, the neutral-body effect on

the output characteristics will be investigated as well [11].



2.2 Devices and Experiments

The RF SOI MOSFETs used in this work were fabricated using UMC 0.13pm SOI
technology. The thicknesses for gate oxide, SOI layer and buried oxide are 1.4nm, 40nm, and
200nm, respectively. These RF devices were laid out in the multi-finger and multi-group
structure with the following denotations: L for channel length, W, for finger length, N,
for the number of fingers, and N, for the number of groups (i.e. total gate width
W =W.xN,xN,). The presence of current kinks in Fig. 2-1 shows that the devices under
study are partially depleted (PD).

On-wafer 2-port common-source S parameters were measured using network analyzers
with microwave probes. To eliminate the inevitable parasitic accompanied with the probing
pads, the S parameters of devices’ corresponding open dummy ware measured and then
used to perform the de-embedding procedure. After that, the de-embedded S parameters of
the devices will be transformed to Z parameters to participate in the following extraction of
the extrinsic terminal resistances.

To further minimize possible substrate resistive loss through the buried oxide layer [12],
a bias-network connected to the chuck of the probe station was used to provide the substrate

DC ground (i.e. back-gate voltage Vs = 0) with RF floating.

2.3 Neutral-Body Effect on the Resistance Extraction

The extraction of extrinsic resistances is essential to RF CMOS modeling. References
[13]-[15] have presented extrinsic resistance extraction methodologies for SOI MOSFETs.
Among these approaches, the zero method developed under the zero condition (i.e.
V.s =V,s =0) is attractive because it can simplify the corresponding equivalent circuit and
avoid the extraction error caused by the non-quasi-static (NQS) effect [15].

Based on the equivalent circuit built for bulk MOSFETs under the zero condition as

shown in Fig. 2-2 [16], the following frequency-independent resistance expressions have been



derived to directly determine R, R,,and R, respectively.

Re(ZZI ) = Re(ZIZ ) =R

‘ (2-1)
Re(zzz _le) =R, (2-2)
Re(le _le): Rg (2-3)

Figure 2-3 compares the resistance curves versus frequency characteristics under the
zero condition for PD SOI MOSFET and its bulk counterpart with identical layout structure
and geometry. All of these curves more or less are frequency-dependent. The poor shapes for
the bulk MOSFET can be attributed to the complicated and significant substrate resistive loss
[17][18]. For the SOI MOSFET, however, the substrate loss may not be responsible for this
frequency-dependent behavior because the thick buried oxide layer in the SOI transistor has
provided good isolation from the substrate,

We turn to consider the neutral-body parasitics beneath the channel of the SOl MOSFET.

Figure 2-4(a) shows its cross-sectional view under the zero condition. The neutral-body

coupling path is constituted by source- and drain-side junction capacitances (C, , and C, ),
and body resistances ( R, ). Its corresponding equivalent circuit is depicted in Fig. 2-4(b). Here
the neutral-body coupling path is represented by a lumped junction capacitance C,

[= (C;'Sb + C/_ldb )_1] and a body resistance R, . Based on this equivalent circuit, the following

more general resistance expressions regarding R, R,,and R, can be derived:

A
Re(Z21) = Re(Zn): R + o +B (2-4)
Re(Z,)-Re(Z,)=R, +a- g (2-5)
Re(Zn)_ Re(le) =R, - 2 4 (2-6)
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a=lc,(c, +c, )2 rR- B, 2-7)

B=c,c,lclc, +C, +C,)+c,(c, +C, +C,)

+2C,C,(C2 + 2 )+ (2 + 2 ci +C2) : (2-8)
+C2C2 +4C, C, CoC - R B
C.

o == (2-9)
C,,

and

p=c,c:Ccic, +2c,)+C,CiCi(c, +2C,)+C,C2ci(c, +2C,,). (2-10)

The frequency independent parameters, 4, B, « and f, are all constants involved
with intrinsic parameters under the zero condition. Besides, as shown in Fig. 2-3, whether the
substrate RF ground is provided or not, the resistance curves are almost unchanged. This
indicates that the substrate effect is negligible in-our-experiments. Therefore, to simplify the
equivalent circuit, any substrate parasitic through the buried oxide has been omitted here.

According to Equs. (2-4) to (2-6), it.is obvious that these resistance expressions are
frequency dependent, and the extrinsic resistances are equal to their high frequency
asymptotes. In practice, although we cannot rely on the very high frequency measurement to
directly obtain these resistance values, they can be obtained by fitting the resistance

expressions with their corresponding measured data. The achieved model-data comparison for
the extraction of R, R,, and R, are shown in Fig. 2-5. It can be seen that the measured
curves are indeed frequency dependent, and can be well fitted by Equs. (2-4) to (2-6). For
clarity, the model parameters and extracted resistance values (or equally the high frequency
asymptotes) are also shown in the figure. The low gate resistance (R, =0.4€) is physically
expected due to the multi-finger structure [19], and non-equal R, and R, results from the

fact that the RF devices were laid out in the multi-finger and multi-group structure. The

multi-source regions were out-connected at two ends of each finger, while the multi-drain
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regions were out-connected at only one side. In addition, the interconnection between each
group can provide additional resistance for the drain terminal and result in discrepancy
which is

between R, and R,. Also note that the nearly unity o implies C, ~C,,,

reasonable for multi-finger structures and has been widely used under the zero condition [15].
The good agreements between the modeled and measured data for the resistance curves

with various layout geometries can be found in Fig. 2-6 (a =1). Besides, according to Equs.

(2-4) to (2-6), Re(Z,,-Z,,), Re(Z,,),and Re(Z,,—Z,,) are mutually correlated [14] by:

Re(Zzz _le): Re(ZIZ)+Rd—s (2-11)
Re(Z,,-Z,,)=-0.5xRe(Z,,)+R,_, (2-12)
Re(Z, - Z,)=-0.5xRe(Z,,-Z,)+ R, (2-13)

where R, =R,—R,, R, =R, +05xRy"and R, , =R, +0.5xR,. Equations (2-11) to

(2-13) have been verified in Fig. 2-7.

The extracted extrinsic resistances and model parameters 4, B, R, , R and

g-s?
R, , for each SOI device are listed in Table 2-1. Besides, since all the involved device

conductance and capacitances in Equs. (2-4) to (2-6) are proportional to the total gate width
W, the parameter A should increase as W decreases. As indicated in Fig. 2-6, the
resistance curves for the device with smaller W indeed have a larger deviation from its
high-frequency asymptote in the lower frequency regime. Therefore, one can minimize the

extraction error resulted from the SOI neutral-body effect by using the wide device.

2.4 Neutral-Body Effect on the Intrinsic Modeling

After extracting R /R,/R,, we can obtain the intrinsic Z parameters (Z,) of the

g’

devices by exploiting the following expression [16]:
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|:Zi,11 Zi,12:| _ {Zn - (Rg + Rs) Z;, — R, (2-14)

Zi,21 Zi,22 221 - Rs Zzz - (Rd + Rs) .

Then, the intrinsic Y parameters (Y;) can be obtained directly from the Z -to-Y
parameter transformation of Z.

Based on the equivalent circuit proposed in [20], Figure 2-8 shows the intrinsic
small-signal equivalent circuit for SOI devices under the active operation, where the

neutral-body parasitic is represented by a series combination of two junction capacitances,

C,, and C,,,and abody resistance R, along with the body trans-conductance g,, . It is

worth noting that, instead of the particular access resistance introduced via the external body
contacts in body-tied or dynamic-threshold SOI MOSFETs [6][7], R, may represent the
un-depleted body resistance for all kinds of SOI MOSFETs. In addition, to simplify the
following derivations, some modifications have:been made to this circuit. First, the junction
related conductances are neglected in the equivalent circuit because the junction capacitances
would dominate the entire junction admittances at high frequency. Second, the conductance
caused by the body potential through the impact ionization is also omitted due to its low pass
nature [20]. Finally, the intrinsic body node is assigned to be located just next to the
source-body junction as usually done in bulk MOSFET models.

Since the major impact of the neutral-body effect on the equivalent circuit lies in the

output admittance Y, , which is equal to Y,,, +Y;,, and defined by the dashed box shown

out

in Fig. 2-8, this means that except those model components relating to Y,  , the others can be

out ?

directly determined by those equations originally derived for bulk MOSFETs [16]:

Cgs — Im(Y;,l;:_ K,IZ) (2_15)
C,=- Im(w"’“) (2-16)
En = ‘Yi,ZI - Yi,lZ‘ (2-17)
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Figure 2-9 shows these extraction results, and their frequency independences also reveal
the accuracy of the resistance extraction method presented in the previous section. Note that
for our devices with cut-off frequency larger than 90 GHz, the delay time constant 7 can be
neglected for the operating frequency not exceeding 10 GHz.

To extract Y

out

-related components, however, the following analytical equations must be

used.
B 1 a)zcj,sbcidbRdes +g mij,ddes (Cj,db + Cj,sb)
Gout = Re(Yout)_R_X[1+ COQCZ C2 RZ +(C +C )2
ds b & jan L Jush Judb (2-18)
C = Im(Y,,) _ C, x[1+ CropCa (Cj,sb +Cii — &mCaky )}
out - ds
t @ Cy [a)zcjz',sbcf,dbRZ + (Cj,sb +C )z J (2-19)

One can find that Equs. (2-18) and (2-19) will tend to saturate at R,' +R,' and C,,

respectively at very high frequency. This is because the short-circuited junction capacitances
at high frequencies (both the junction impedances ( JocC, )_1 and ( JjoC, 4, )1 approach 0)

cause the residual body resistance to be parallel with the channel resistance, and makes no

other capacitance except C, left. Therefore, RF output conductance (denoted as g, )

extracted from the high frequency asymptote of G,, would be the parallel combination of

channel conductance and body conductance (=R, +R;") and is larger than sole channel

conductance R;', which can be extracted from the DC current-voltage (IV) measurement

(denoted as g, ).

and C

out

The modeling results of G

» for various drain bias conditions with gate bias
1.2V are shown in Figs. 2-10(a) and (b), respectively, where the frequency dependence

natures of both G

out

and C,,, can be described by our model (Equs. (2-18) and (2-19)).
Here, R, is directly extracted from g,., R,' from g,.—g,., and C, from the high

frequency asymptote of C

out >

and for clarity, all the extracted component values are listed in
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Table 2-2. These figures show that the neutral-body effect would play an important role
mostly in the low GHz region. To be more completed, the good modeling results of S
parameters considering the neutral-body effect (NBE) have been verified and are shown in
Fig. 2-11.

It is also worth noting that, for SOl MOSFETs, our model can predict the occurrence of
anomalous behaviors in the § parameters. In Fig. 2-12(a), two abnormal phenomena in §,,
can be observed - the inductance-like behavior for Bias A condition and the kink behavior for
Bias B. Also, the abnormal §,, behaviors can be observed in Fig. 2-12(b). The modeling
results for their magnitude and phase versus frequency characteristics can also be found in Fig.
2-13. In these figures, only the proposed model considering the neutral-body effect can
capture these abnormal phenomena prominent in lower frequency region. This also indicates
the need of considering the neutral-body effect when it comes to the RF SOI modeling

especially below several GHz.

2.5 Neutral-Body Effect on the Output Characteristics

We have shown how the SOl-specific neutral-body affects the small-signal model
structure and the parameter extraction for both extrinsic and intrinsic parts of RF SOI
MOSFETs. For RFIC designers, it is also important to evaluate the significance of the
neutral-body effect on the increase of the RF output conductance, which may dominate the
circuit performance.

To assess the importance of the neutral-body effect on the RF performance, we define the

fractional factor 7:

Ry _ 8rr = 8pc _ 8 (2-20)
R, 8Enpc 8 s

n

According to this definition, it is obvious that the higher the factor is, the more
significant R, would be. Figure 2-14 shows g,. (=R,')and g, (=R,"') versus drain bias

with different gate bias conditions, and their corresponding 7 ’s are shown in Fig. 2-15. Both
15



figures show that the body conductance g, has the chance to be comparable with or even

larger than the channel conductance g, . Therefore, the neutral-body effect can influence the

RF performance to a great extent.

2.6 Summary

The SOI neutral-body coupling effect should be considered for the characterization and
modeling of SOI MOSFETs, although the thick buried oxide can block the complicated
substrate network. An equivalent circuit including the neutral-body parasitics has been
proposed, and a new set of model equations capturing the frequency dependence of extrinsic
resistances and output characteristics has been derived accordingly. After taking into account
the impact of quasi-neutral body, we have completed a physically accurate RF small-signal
characterization and modeling for SOl MOSFETs.

The neutral-body parasitics predict and explain the existence of anomalous S,, and

S,, behaviors, and they can influence:the RF output characteristics of SOI MOSFETs.
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Table 2-1  Extracted model parameters for the extrinsic resistances. The values of

L/W./N./N; for FET1, FET2 and FET3 are 0.12um/2.4um/16/3, 0.12um/1.8um/2/18,

and 0.12um/3.6pm/11/4, respectively.

W A B Rd -5 Rgfs Rgfd R s Rd Rg

(mm)  Gorest) (oos2)  (Q) () () (Q) (@) ()

FET1 115.2 4.9 7.2 1.4 1.45 2.15 0.1 1.5 1.4
FET2  64.8 6.4 6.4 2.9 1.35 2.8 0.1 3 1.3
FET3 1584 3.5 7.4 0.9 1.55 2 0.1 1 1.5
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Table 2-2  Extracted model parameters for the intrinsic modeling. (V,; = 1.2)")

Vps (V) C(fF)  Cp(fF) g, (mS)  C,(fF) R, (Q) R, (Q) C;,F) C,;0@F) g,,(mS)

0.8 109 56 96 14 119 63 61 50 32
1 109 53 96 24 156 73 64 58 25
1.2 109 51 96 29 167 88 74 20 53
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being partially depleted. (L/W,. /N, /N, = 0.12um/2.4pm/16/3)
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Chapter 3
RF Noise Characterization for Bulk and SOl

MOSFETSs

3.1 Introduction

The noise performance of RF MOSFETs is critical to RF applications, especially to the
design of low noise amplifiers, resulting in a need for the accurate noise modeling [1].
Besides, it is well known that both the small-signal circuit parameters and noise sources play
important roles in RF noise modeling. There have been many studies on the RF noise
characterization and modeling for both bulk and SOI MOSFETs [1]-[9], and the temperature
dependence of their small-signal performances has also been widely discussed [10]-[12].
However, the study on the temperature dependence of their RF noise sources and noise
parameters was deficient. Therefore, for the purpose of temperature modeling and
understanding the underlying physics, ‘the temperature dependence of RF noise behaviors
demands investigation.

Pascht et al. have presented the temperature noise model by exploiting the circuit
simulator [2]. However, only the noise source for the bulk MOSFET has been discussed, and
its temperature dependence was not clear. In this chapter, we will experimentally study the
temperature dependence of the power spectrum densities (PSDs) of the intrinsic noise sources
for both the RF bulk and SOI MOSFETs. The applicability of the popular van der Ziel’s
model is also checked at different temperatures. Along with the extracted small-signal and

noise factor, their temperature dependences can be well described.

3.2 Devices and Experiments
The RF MOSFETs used in this study were fabricated using UMC 0.13 um bulk and SOI

technologies, respectively. All the transistor’s finger length, finger number and group number
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are fixed to 3.6 um, 16 and 2, respectively. For SOl MOSFETs, the thicknesses for gate oxide,
SOI layer and buried oxide are 1.4 nm, 40 nm, and 200 nm, respectively.

The noise parameters of the device under different temperatures were measured using
ATN NP5B noise parameter measurement system. The pads and series parasitics were
de-embedded to obtain the intrinsic noise parameters. Then, the intrinsic noise current sources
can be extracted by following the approach presented in [3], which is based on the noise

matrix manipulation derived from the two-port noise theorem.

3.3 RF Noise Characterization for Bulk MOSFETs

3.3.1 RF Noise Characteristics for Medium-Long Devices

In this sub-section, we will first discuss the RF noise behaviors for the medium-long
device (L =0.36 um) [13].
The van der Ziel’s model widely-adopted to characterize the PSDs for the drain-induced

gate noise (S, ), channel noise (S, ), their correlation noise (S,-g ) can be expressed as

follows [7][14].

— -
5, = = sap, 72 Co (3-1)
Af 840
i,
Sy = Z_; = y4k,Tg,, (3-2)
S = eak TaC, (3-3)
igd Af

where C, is the intrinsic gate capacitance (~3C,/2), g,, is the channel conductance at

zero drain bias, k, ~1.38x107J/K is Boltzmann constant, and 7 1is the ambient

temperature in Kelvin. A fairly good data-model comparison of S, S, and S . for
i igd

ig

L =0.36 um device biased at V=V, =1.2V can be obtained and are shown in Figs. 3-1
38



to 3-3, respectively.

In these figures, one can find that S, and Sig - would become larger for higher

ambient temperature. For S,,, however, it tends to decrease with increasing temperature. To
explain these different trends, Table 3-1 lists the extracted C,, g,, and their normalizations
with respect to their cases at —40 °C. Besides, the extracted model parameters 6, y and ¢
for different temperatures are also shown in Fig. 3-4. It is also worth noting that the van der

Ziel’s model was originally derived for long channel devices, and the model parameters

should be o

sat

=16/135,y,, =2/3,and &, =1/9 in the saturation region. It is no surprise that
for the short channel device as in our study, the parameters could deviate from these

theoretical values [3]-[5].

The small variations for 6, y and & shown in Fig. 3-4 reveal that they are less

temperature-dependent, and may not be the main contribution to the temperature dependence

of these three PSDs. In addition, C, in Table 3-1.is shown to be insensitive to temperature.

Therefore, for a given operating frequency, the following approximations can be achieved.

T
5, L (3-4)
a0
S < Tg, (3-5)
S .cT (3-6)

igd
Equation (3-6) directly captures the positive temperature coefficient observed for Sig oy

On the other hand, as temperature increases, the channel mobility would decline [10],

causing g,, to decrease with increasing temperature as shown in Table 3-1. This explains
the positive temperature coefficient for S, (Equ. (3-4)). Moreover, since the decrease of

g4, overwhelms the increase of ambient temperature in Kelvin (Table 3-1), S,, would have

negative temperature coefficient (Equ. (3-5)). Besides, the correlation coefficient between

noise currents i, and i, (denoted as c) can be expressed as
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iy &
Vigly gl \/5_7. (3-7)

Since 6, y and & are shown to be less temperature-dependent, the temperature

c

dependence of ¢ shown in Fig. 3-4 is also weak.

Finally, the extracted values for the model parameters and the correlation coefficient for
various gate and drain biases are shown in Figs. 3-5 (a)~(d). It suggests that in the wide
temperature range between —40°C and 200°C, &, ¢, and c¢/j have a larger temperature
dependence at higher V., while y has a larger temperature dependence only for a lower

Vis -

3.3.2 RF Noise Characteristics for Deep-Submicron Devices

We now turn to investigate the RF noise behaviors for deep-submicron MOSFETs. Since
compared to the channel noise, both the drain-induced gate noise and the correlation noise
between them have been shown to-play an insignificant role in determining the high-
frequency noise behaviors for devices down-scaled into/beyond deep-submicron regime [15],
we will limit our studies on the channel noise source only.

Figure 3-6 shows the temperature dependence of noise factor y for devices with
different channel lengths. One can see that the temperature dependence is weak even for
L =0.12um device biased at high V. This indicates that g,,’s temperature dependence is
still the major factor determining the temperature dependence of channel noise S,, as
suggested by Equ. (3-5). For L=0.12um device, since g,, does not decrease with
temperature as much as that for both L =0.24um and L =0.36um devices (shown in Fig.
3-7), instead of decreasing with temperature, the channel noise relatively remains constant

over the whole temperature range as shown in Fig. 3-8.

The minimum noise figure ( NF,

) and the equivalent noise resistance (R ) are two
important figures of merit (FOM) used to judge the noise performance of a device, and can be

respectively written as [15][16]:
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2 S. [S
NF . ~1+— [([R. + R =4 x{wC +@’C> R | 3-8
min gi ( s g)4k]-(,) { gggm gg g 4k];) } ( )

&zl@NRJ%JQT
T, 4kyTog,, (3-9)

Note that in the above derivation, we have neglected the contribution from S, and S,,.

From Equs. (3-8) and (3-9), we can see that except S,,, the trans-conductance g,
would play an important role in determining both intrinsic NF . and R, . The temperature
dependence of g, for devices with different channel lengths is shown in Fig. 3-9. It suggests
that g, decreases with temperature at a rate larger than that for S, . Therefore, according to
Equs. (3-8) and (3-9), both NF . and R, would tend to degrade and become larger with

increasing temperature as shown in Figs. 3-10 (a) and (b), respectively.

3.4 RF Noise Characterization for SOI-MOSFETSs

Figure 3-11 shows the noise factor y ' for both the bulk and SOI devices. It shows that,
in the medium-long channel devices (L =0.36um), y seems to remain the same for both
SOI and bulk devices. However, the SOI devices would have an increasing y as the channel
length shrinks. Two mechanisms may contribute to this phenomenon: floating body effect
(FBE) and self-heating effect (SHE) [20]. Due to the floating body structure of the SOI
nMOSFET, there is a potential barrier between the source and the body region. Therefore, the
holes generated by impact ionization [19] at high drain bias condition can be easily trapped in
the body volume, and the body potential can rise [17][20]. The elevated body potential would

in turn lower the effective threshold voltage, and accordingly increase the gate overdrive

voltage (V;; =Vs —V;). Then, a more conductive channel and hence larger S, can be
expected. According to van der Ziel’s model (Equ. (3-2)), a larger y can be obtained using
lower g,, extracted at zero drain bias, where FBE is negligible. Besides, due to the more

substantial impact ionization current induced by the larger maximum channel electric field
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[19] at lower V,, (~V,/2), FBE would have a larger impact on the excess noise at lower
Vs -

On the other hand, as ¥, increases, the DC power and therefore the temperature of the
SOI MOSFET increases due to the so-called self-heating effect [18][19]. This effect is caused
by poor thermal conductivity of the buried oxide, which is about two orders of magnitude less
than that of the silicon [18][19], and the lattice temperature would play an important role in
determining the SOI MOSFET noise characteristics [8]. Besides, the noise arising from the
neutral-body resistance should be enhanced by the elevated lattice temperature and its
contribution to the channel noise S,, may have to be considered. However, since the
effective mobility and hence channel conductance should be decreased accordingly, the excess
noise caused by SHE would partly counterbalanced by the reduction of channel conductance.
This captures the slight increase of y at high V., (see Equ. (3-2)). It is worth noting that
since the SHE may reduce the body potential by inducing more diode leakage [20], the excess
noise caused by FBE at high V,_, could be further alleviated.

Figure 3-12 shows the temperature dependence of » for both SOI and bulk devices.
Since the FBE can be eliminated at high temperature [17], the channel suffering less FBE
would have decreasing y with increasing temperature. This is especially obvious at low
Vs, where FBE dominates the excess channel noise behavior. For bulk devices, since they
suffer neither FBE nor SHE, they have the similar y over the whole temperature region.

Finally, we compare NF,_. and R,  for the SOI and bulk devices for a given DC power
consumption. Figure 3-13(a) and (b) respectively show the comparison of S, and g,
versus current for a given drain voltage (¥, =1.0V). Because SOI device has larger S, and
lower g, than the bulk counterparts in our experiments, referring to Equs. (3-8) and (3-9), it
is expected that it would has worse NF . and R as shown in Fig. 3-14(a) and (b),
respectively. It is worth noting that the extrinsic parameters, such as gate capacitance and

terminal resistances would not significantly contribute to the deviations, since both devices

42



have been checked to have similar C,, (see Fig. 3-13(c)) and terminal resistances (shown in

Table 3-2) for each temperature.

It should be noted that we have neglected the neutral-body effect on the RF
characterization in this section. This is because the previous chapter has demonstrated the
insignificant neutral-body effect on the RF small-signal characteristics of SOI MOSFETs
except the output admittance. Besides, the body trans-conductance and drain leakage current
have been presented to have significant effect mostly on the low frequency noise behavior due
to its low-pass nature [21]. Note that at the very high frequency, the neutral-body resistance
R, would be equivalently parallel to the channel resistance and can contribute to the output

noise current associated with the drain terminal. However, its thermal noise contribution is at
the level of about 4k,T/R, ~1.66x107>A’/Hz (for R, ~100Q), and can be neglected

compared with the extracted S, (see Fig.3213(a)).

3.5 Summary

We have investigated the temperature dependence of S, ,

S, and S, . for the

medium-long RF MOSFET. S, and S,,. are found to have positive correlation with

ambient temperature, while S, has negative one due to much lower channel conductance at
higher temperature. For L =0.12um device, however, since g,, does not decrease with
temperature as much as that for both L =0.24um and L =0.36um devices, S, relatively

remains constant over a large temperature range.

For SOI MOSFETs, the FBE and SHE may contribute to the higher noise factors
compared to the bulk counterparts. The FBE dominates at low V,; regime, and can be
suppressed by elevating the temperature. At high ¥V, regime, where the SHE is significant,
the excess noise contribution from the elevated lattice temperature would be partly

counterbalanced by the lowered channel conductance. Therefore, compared to the FBE, its
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contribution to S;, may not be significant.
Finally, since the trans-conductance decreases with temperature in a rate higher than that
for S,, both NF_, and R, would increase accordingly. Our experiment also shows that

the SOI device has worse NF

min

and R due to the larger S, and lower g, than the

bulk counterpart.
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Table 3-1  Extracted g,,, C, and their normalizations with respect to cases at -40°C for

the bulk MOSFET. (L = 0.36 pum)

T(K) ”T(K)" g 40(mS) ||gd0|| C, (fF) ”CO”

T=-40C 233 x 1 112.4 x 1 520 x 1
=0T 273 x1.17 9  x0.85 517 x0.99
T=1007C 373 x 1.60 66 x0.59 508 x0.98
T=200C 473 x2.03 51 =045 506 x0.97
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Table 3-2

Extracted R , R,,and R, for both the SOI and bulk devices. (L =0.12 pm)

SOI BULK
R(Q) R, (Q) R (Q) | R(Q) R(Q) R(Q
T=23C 0.1 1.7 1.9 0.1 1.5 2.0
T=1007C 0.1 1.8 2.2 0.1 1.8 2.2
T=200TC 0.1 2.2 2.3 0.1 2.0 2.5
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Figure 3-1  Induced gate noise (S, ) versus frequency for the bulk MOSFET under different

temperatures. (L =0.36 um,and V=V, =1.2V)
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Figure 3-2  Channel noise (S,,) versus frequency for the bulk MOSFET under different

temperatures. (L =0.36 um, and V=V, =1.2V)
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Figure 3-4 Model parameters &, y, ¢ and correlation coefficient ¢ versus temperature

for the bulk MOSFET. (L = 0.36 um, and Vi, =V, =1.2V)
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Chapter 4
RF Noise Modeling and Characterization for SOl Dynamic

Threshold Voltage MOSFETSs

4.1 Introduction

Due to its larger current driving ability with low leakage current, the dynamic threshold
voltage (DT) MOSFET is attractive for low power applications [1]. Hence, the DC
characteristics and modeling of the DT MOSFET have been widely studied since its
introduction [2]-[4]. Moreover, the temperature effect on its DC characteristic has also been
well investigated [4].

Several optimized SOI- or bulk-based DT MOS fabrication processes with improved
performance have been demonstrated: [5][6], and its ability of radio-frequency (RF)
applications with high cut-off frequency ( f,) and maximum oscillation frequency ( £, .. ) has
been reported as well [7]-[9]. However, the temperature effect on the RF characteristics of DT
MOSFETs is rarely known.

In this chapter, we will first conduct RF small-signal modeling for the SOI DT MOSFET
and demonstrate a practical extraction method to facilitate the extraction work with physical
accuracy. Based on the small-signal model structure, the RF noise model for the DT MOSFET
will be built, and this model is shown to well capture its RF noise behavior. Besides, the
accuracy of some important model parameters will be examined by comparing them to those
of the standard conventional devices with different channel lengths at various bias conditions.
Finally, we will give an experimental investigation on the RF small-signal and noise
characteristics of SOI DT MOSFETs, including their temperature dependences [10]. To avoid
a large leakage current flowing through the source-body junction, a DT MOSFET is usually

biased in the low gate overdrive (¥, ) region. Therefore, we will be dedicated to examining

the RF small-signal and noise characteristics under this regime.
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4.2 Devices and Experiments

The RF SOI DT MOSFETs used in this work were fabricated using UMC 65nm SOI
technology. These RF devices were laid out in the multi-finger and multi-group structure with
the following denotations: L for channel length, W, for finger length, N, for the number
of fingers, and N for the number of groups (total gate width W =W, x N, xN,).

On-wafer 2-port common-source high frequency S and noise parameters were
measured using ATN NP5B noise measurement system with Cascade microwave probes.
Besides, to eliminate the inevitable parasitic accompanied with the probing pads, the S
parameters of devices’ corresponding open dummy were measured and then used to perform
the S and noise parameters de-embedding procedure.

Figure 4-1 shows the temperature dependences of threshold voltage (V) extracted by the
constant current (7, =50 nAxW /L) method. Due to the negative temperature coefficient of
the device’s Fermi potential [4], V, has the negative temperature dependence for devices

with different channel lengths.

4.3 RF Small-Signal and Noise Modeling

The RF small-signal and noise equivalent circuit suitable for the DT MOSFET modeling
and characterization will be described in this section. Then, a set of simple and analytic
expressions of Y parameters beneficial to the model parameter extraction will be presented

accordingly [11].

4.3.1 Equivalent Circuit and Model Parameter Extraction

The small-signal equivalent circuit for SOI DT MOSFETs is depicted in Fig. 4-2 [12].
The series resistances were determined using the proposed zero method [13], and the good
extraction results can be found in Fig. 4-3. For simplification, the neutral-body resistance

between the two junction capacitances is ignored [14]. Based on this circuit, its simple and
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analytic two-port admittance (Y ) parameters can be derived when the effect of series

resistances compared to access body resistance (R, ) can be neglected. Following especially
shows the expressions benefiting the parameter extraction:

(R, +R )+’ #/R,

Re(Y,)~ o (4-1)
Im(r,,) _ 2RC, . +C il _
T (0, v 0 ) (4-2)
Rl )= Relty -1,) - g, + Ex 2R RJ""";/[R" LR (4-3)
en
Im(Y gain) ~ (Y, ~%,) =—-g, 7— g’”bAz/ [R” (Cf o+ Car )] (4-4)
Q) ) den
Re(r,,) ~ 1 N ®’AC,, [gmbA +Cim (Rb R )]/(Cj,sb + Cj,db) (4-5)
27 R, den
Im(Y,) (c,+c,)+ CranlBy + Ry NR, 5 Ri43) 2, 4/(C o+ C )
B &d ds den (4-6)
+ wZAZCj,db [( b T Cj,db )'Cj,db ]/(Cj,db + Cj,db)
den
Im(Y;,) ~—C, - C, a4 (Rb +R; )/ le (Cj,sb +C )J (4-7)
) den

where den = (Rb + Rj,sb)z +w’4’ and A=RR,, (c

w1 C j,bd) . A practical extraction
procedure shown in Fig. 4-4 is then proposed. Compared to the method proposed in reference
[12], which needs some parameters determined from DC characteristics, our extraction
method relies only on local optimizations using definite RF fitting targets to obtain all model
parameters, so the excellent modeling results with less than 10% relative root-mean-square
errors for each real and imaginary part of Y parameters, as shown in Fig. 4-5, can be
expected. For the reader’s reference, the extracted model parameters are listed in Table 4-1.

Besides, as shown in Fig. 4-6, based on the RF small-signal equivalent circuit, the RF

noise equivalent circuit can be built by adding the corresponding noise current sources. In this

noise equivalent circuit, i, stands for the intrinsic channel noise current, and the assumption

66



that the high-frequency prominent drain-induced gate noise can be neglected is adopted. This
assumption had been shown to be reasonable especially for deep sub-micrometer devices [15],
and its validity will also be examined in Chapter 6. Furthermore, the noise current sources

related to series resistances and access body resistance are considered as thermal noise current
sources (Z =J4kT/R, R: resistance value). Finally, the inherent shot noise current caused by

the source-side junction current is estimated using shot noise current formula
(i, =429, =241, ).

The only one unknown model parameter Z can be directly obtained by optimizing the

four measured high-frequency noise parameters (minimum noise figure NF

min °

equivalent

noise resistance R, , magnitude of the optimum reflection coefficient [T, |, and phase of the

optimum reflection coefficient ZT’ ). The good noise modeling results are shown in Fig.

4-7.

4.3.2 Verification of the Extraction 'Results

To further examine the accuracy of the modeling results, some important model
parameters versus VDD for different channel lengths are examined. Note that we let
Vs (: VBS): V,s =VDD to keep the device operating in the saturation region. Figure 4-8(a)
shows that compared to the standard device, the DT device has larger trans-conductance ( g,,)
due to its lower threshold voltage (7} ) and higher mobility. The enhanced carrier mobility can
result from the lower effective normal field in the channel caused by the reduction of the body
charge [1]. Hence, this phenomenon could be more obvious at larger VDD . Besides, lower
V. and higher mobility can also help to decrease the channel resistance. However, in the
saturation region, the DT devices may have smaller channel length modulation (CLM) than
the standard devices, which in turn tends to increase the channel resistance as reported in [16].
This effect is more prominent for shorter DT devices, and it explains the smaller difference in
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channel resistance ( R, ) for shorter channel devices in Fig. 4-8(b).
Besides, lower threshold voltage also increases the channel charge, and hence increases

the intrinsic capacitance [1]. Therefore, as shown in Fig. 4-8(c), the DT device would have
larger gate-to-source capacitance (C,, ) than the standard one. Figure 4-9(a) shows that the

body trans-conductance (g,,) tends to increase with VDD . However, in the low-voltage

regime where the DT device normally operates, compared to g, , its value is small and hence

its contribution to the total device performance could be negligible.

Finally, the source- and drain-side junction capacitances (C,, and C,, ) as well as

access body resistance (R,) versus VDD are examined. In Fig. 4-9(b), C,, tends to

exponentially increase as VDD increases due to the nature of its forward-biased diffusion

capacitance, while C, , shows less bias dependence. Besides, decreasing channel length can

help decrease C,,, but increase C,,, . Figure 4-9(c) shows that R, may decrease with

increasing VDD , which results from the abundant positive charge supplied by the external

DC source through the body contact. This figure also supports that because the shorter device

has a smaller cross-section for current flowing into the body, it has larger R,. Note that all

the channel length dependences for C

s> Ciap» and R, become weak for channel length

below 0.12 pm.

4.4 RF Small-Signal Characterization

In this section, using the extraction methodology proposed in the previous section, we
will study the temperature dependences of the extracted small-signal parameters for the RF

SOI DT MOSFET.
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4.4.1 Temperature Dependences of Small-Signal Parameters

Figure 4-10 shows the temperature dependences of gate-to-source capacitance C,,
channel resistance R, , and trans-conductance g, for the DT MOSFET. Lower threshold
voltage at higher temperature can induce more charges in the channel and hence larger C,,

[1] and lower R, as shown in Figs. 4-10(a) and (b), respectively. This also results in
positive temperature dependence for g, in the low VDD regime as shown in Fig. 4-10(c)
[4]. At high VDD , however, the lower mobility at higher temperature would degrade g, , so

g, tends to decrease with increasing temperature in the high VDD regime [4][17]. Also

note that at all bias conditions where saturation holds, C

. shows much less temperature
dependence than g, .

The temperature dependences of inherent body-related parasitics of the DT MOSFET are

shown in Fig. 4-11. Due to the more leaky;behavior encountered in source-to-body junction at

higher temperature, the source-to-body junction capacitance C; , would increase with

temperature. On the other hand, compared to C

;. the drain-to-body junction capacitance

C, 4 shows less temperature dependence (see Fig. 4-11(a)). Besides, at higher temperature

and larger VDD (and hence, larger V), more charge would be injected into the body

region through source-to-body junction, and this could contribute to the observation that the

body resistance R, tends to decrease with increasing temperature and VDD as shown in
Fig. 4-11(b). Finally, the more leaky source-to-body junction at higher temperature and larger

VDD could result in more sever body effect and this would in turn increase the body

trans-conductance g,, asshown in Fig. 4-11(c).

4.4.2 Temperature Dependences of £ and £,

The cut-off frequency ( f;) and maximum oscillation frequency ( f,,,.) are two common
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figures of merit used to characterize the RF performance of a device. To derive out simple and
analytical equations for analysis, the series resistances have been omitted at the moment, and

also de-embeded from the maseured data for model comparison. Based on the equivalent

circuit shown in Fig. 4-6 without considering series resistances R, R,, and R,, the f

and f

max

for the DT MOSFET biased in the low VDD regime can be approximately

expressed as the following equations [18].

. g o &n (4-8)
Zﬂ\/ch (Cgs +2ng) 27Z.Cgv

t

0.5
C.
fmax ~ fmaxo{l + gmbRa's C/:db } = max0 aDT (4-9)

J

In Equs. (4-8) and (4-9), C,=C,,+C

jdb

R,
fmaxO ~ g de
L (4-10)
R, 1is the input resistance, which can be extracted by optimizing Re(ZH), and
C -0.5
aDT = {1 + gmdeS Cf:dh }
j (4-11)

The approximation in Equs. (4-8) and (4-9) holds in the low VDD regime, where

2,/8&w>>1, R/R>>1, g, R >>C,,/C, , and wRC,>>1 around f ., and the good

ax

modeling results for f, and f

t max

in the low VDD regime are shown in Figs. 4-12(a) and
(b), respectively.

Equation (4-8) implies that the inherent body-related parasitics of the DT MOSFET
would have little influence on f,. In the low VDD regime, since g, tends to increase
with temperature, f, would have a positive temperature coefficient as shown in Fig. 4-13(a)
for VDD below 0.4V .

On the other hand, Equation (4-9) implies that the body-related parasitics would degrade

70



S through the degradation factor «,,, which is about 3/4 and almost bias and

temperature independent as shown in Fig. 4-14. In addition, due to the less temperature
dependent behavior of /R, /R, (also shown in Fig. 4-14), 1, tends to have the same

temperature dependence as f, (see Fig. 4-13(b)). That is, in the low VDD regime, both

f..x and f would tend to become larger at higher temperature.

4.4.3 Series Resistance Effect

In the previous sub-section, we have focused on the ‘inner’ device performance without
considering the series resistance effect. To judge the series resistance effect on the overall
performance and complete the characterization, this effect will be considered in this
sub-section. Besides, to facilitate the examination of the temperature effect, we have
normalized the related parameters with respect to their corresponding values at 7 =25°C in
the following discussions.

Figure 4-15 shows that the series resistance has much more significant effect on the

unilateral power gain U (or f__) than the short-circuit current gain |H21| (or f,) at

max

VDD = 0.3V . Compared to the series resistance, the much larger input and output impedance

in the low VDD regime would dominate |H21

, and hence, f,. The little series resistance

effect on f, can be also deduced in Fig. 4-16(a) and (b), where f has nearly the same
temperature coefficient as g, for each channel length device. This coincides with the

implication in Equ. (4-8), which has assumed the series resistance is insignificant.
The input and output impedance matching for maximum available power gain, or

equivalently f, ., however, can be greatly influenced by the series resistance. Moreover,

since the degradation factor «,, is found to be nearly temperature independent for each

channel length device as shown in Fig. 4-17(a), the f,

max

with degraded temperature
dependence shown in Fig. 4-17(b) would be the results mostly caused by the series resistance

effect. That is, the larger series resistance at higher temperature would more severely degrade
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4.5 RF Noise Characterization

4.5.1 Channel Noise and Equivalent Noise Resistance
The extracted power spectral density for the channel noise current i, (denoted as S, )

is shown in Fig. 4-18, and usually expressed as follows [19].

Sia = k517840 (4-12)

where k, ~1.38x 10 J/K is Boltzmann constant, 7 is the ambient temperature in Kelvin,
g,0 1s the channel conductance at zero drain-source voltage, and y is noise factor. Besides,
reference [20] has shown that » has the weak temperature dependence, and the temperature
dependence of S, is dominated by thatof g,, and T.

Figure 4-19(a) and (b) respectively show the temperature dependences of S, and g,,.
In the low VDD regime, since g,,-tends to increase with temperature [18], S,, would
increase accordingly as predicted by Equ. (4-12). Note that Equ. (4-12) was originally derived
for the device operating in the strong inversion region. However, in our experiments, the
consistent prediction results for the temperature dependence of §,, shows that it seems to
remain valid even for the medium or weak inversion applications.

The channel noise has significant effect on the equivalent noise resistance R, for
conventional MOSFETs. In fact, by neglecting the body trans-conductance, the R, for DT
MOSFETs would be approximately the same as that for conventional MOSFETs as expressed

in the following.

R, z—Sid 5 +£Rg
a e T, (4-13)

where 7, =290K is the reference temperature. Note that Equ. (4-13) indicates that in the

low VDD regime, the body-related parasitics would have little influence on R, .
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Figure 4-20(a) shows R versus temperature curves for each channel length device.
Since V, for L =60nm device is about 0.1V higher than those for L =120nm and
L =240nm devices in the whole temperature range (see Fig. 4-1), we first consider
VDD =0.3V for L=120nm and L =240nm devices, and VDD =0.4V for L =60nm

device to keep approximately the same gate overdrive voltage. In this case, one can compare

the temperature dependence for S, in Fig. 4-19(a) and that for g’ in Fig. 4-20(b). Since
S., tends to have the similar temperature coefficient as g~ , according to Equ. (4-13), R,

tends to increase with temperature mainly due to the increase of R, and T.

For L =60nm device operating at weaker bias condition, that is, VDD =0.3V,

however, g tends to more deeply increase with increasing temperature than S,,. This

could compete with or even overwhelm the contribution from “hot” R, . Therefore, R, tends

to decrease with increasing temperature. This also shows the existence of the zero temperature

coefficient for R , which occurs between VDD =03V and VDD =04V for L=60nm

device.

4.5.2 Output Noise Current and Minimum Noise Figure

Unlike R, , the minimum noise figure NF . may be strongly influenced by R, .
Although the analytical expression for NF . 1is not easily derived, the noise contribution
arising from R, to the output noise current flowing into the drain terminal can be analyzed
and regarded as an important factor determining NF, . .

The noise power spectral density arising from R, (denoted as S, ) is considered as

thermal noise, and can be expressed as below.
Siry = 4kBT/Rb (4-14)
The extracted R, values and their corresponding S,,, contribution with respectto S,
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counterpart to the output noise current and are shown in Fig. 4-21(a) and (b), respectively. We
found that larger R, in the low VDD regime would have less S, noise contribution for
each length device. This figure also shows that the shorter device with larger R, would have
more S, contribution. It is worth noting that the smaller body cross-section area seen in the
direction perpendicular to the channel current flow can account for the larger R, present in
the shorter device.

Through the sensitivity analysis of the variation of R, to its noise contribution as
shown in Fig. 4-22, we can see that its noise contribution could be reduced with increasing
R, . In fact, the noise equivalent circuit for DT MOSFETs would be equivalent to that for
conventional MOSFETs when R, approaches infinity and can be removed in the equivalent
circuit. Therefore, the larger R, would play an insignificant role in determining NF, . .

The minimum noise figure NF . versus VDD is shown in Fig. 4-23. The NF . is
sharply increased towards the weak inversion region, and this trend is consistent with that for
the conventional bulk MOSFET [21]. Moreover, our experimental results show that NF
has less temperature dependence in the low VDD regime. As shown in Fig. 4-22, in the low
VDD regime, since the noise contribution of S, to the output noise current for each
temperature is not significant, R, would have little effect on the temperature dependence of
NF,

min *

4.6 Summary

We have demonstrated the RF small-signal and noise modeling for SOI DT MOSFETs.
Based on a set of simple and analytic expressions of Y parameters, model parameters can be
physically extracted, and the model has been shown to be valid up to 12 GHz.

The temperature dependences of RF small-signal and noise behaviors for the DT
MOSFET have been investigated. In the low VDD regime, since g, tends to increase with

temperature, f, would have a positive temperature coefficient. On the other hand, due to the
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less temperature dependent behavior of «,, and /R, /R,, f... is found to increase with

temperature as well. Moreover, the body-related parasitics and the series resistances are found

to have more impact on f

max

than f,.

In the low VDD regime, the channel noise S, has a positive temperature coefficient
due to larger g,, at higher temperature. In addition, compared to S, , the much higher g

towards the weaker inversion region can cause R, to have a negative temperature coefficient.
Finally, it shows that, in the low VDD regime, the large R, would have little impact on the

temperature dependence of NF . .
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Table 4-1 Extracted model parameters for bias condition V,=0.8V,andV,; =1V .

(L/W, /N, /N,=024um/1um/8/16)

g Ry Cgs ng Cy 4 Emp R, Jush J.sb Cj,db Ly
(ms) | (@) | (F) | (F) | (F) [(s) | (mS) | (@) | (@) | (F) | (F) |(pa/Viiz)
127 93 550 79 1.3 1.6 38 597 | 2083 | 246 20 60
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Figure 4-1 Temperature dependence of the threshold voltage for SOI DT MOSFETs.
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Figure 4-2  RF small-signal equivalent circuit for the SOl DT MOSFET.
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Figure 4-4  Proposed parameter extraction flow.
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Chapter 5
RF Noise Characterization for the Tensile-Strained

NMOSFET

5.1 Introduction

As the gate length of CMOS transistors is down-scaled to decananometer regime, device
scaling is becoming extremely difficult due to many physical and technological problems [1].
Strain-engineering technology is one way to maintain the scaling trends of CMOS devices. It
is well known that the strained-channel MOSFETs have larger carrier mobility and drain
current than the unstrained counterparts [2]-[6]. It is expected that the improved DC
performances can also enhance the RF performances.

Recently, CMOS technologies with the incorperation of high-tensile contact etch stop
layer (CESL) stressors have been demonstrated for RF applications and a very high cut-off
frequency ( f,) has been reported [7][8]: There have'been many studies on the high frequency
noise characterization and modeling for the conventional MOSFET devices [9]-[17]. However,
the effects of the highly tensile stressors on the high-frequency noise characteristics have
rarely been known. In this chapter, the high-frequency noise characteristics of tensile-strained
nMOSFETs including their temperature dependences will be investigated and analyzed for the

first time [18].

5.2 Devices and Measurements

Multi-finger CMOS transistors were fabricated using UMC 65nm-generation technology
with <100>-channel orientation on (100) wafer. For enhancing the electron mobility of the
channel, an 850-A-thick SiNx CESL layer was grown as a high-tensile stressing layer. As
indicated in Fig. 5-1, this eventually applied a lateral-tensile stress of 1.5 GPa along the

channel of the devices. Besides, for the control device, a low-tensile-strength (SiNx=360A)
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CESL layer was used.

The gate length of the test devices varies from 60nm to 240nm, and the total gate width
of the test devices is 128 um (4 um by 32 gate fingers). The noise parameters of the MOSFET
under different temperatures were measured using Auriga scattering and noise parameter
measurement system. The dummy OPEN and SHORT de-embedding technique was used to
eliminate the parasitic contributions from the probing pads and metal interconnections [12].
Finally, the intrinsic channel noise current was extracted following the approach presented in
[13].

Figure 5-2 compares the DC characteristics of the tensile-strained and control devices.
The strained device presents larger drain current than the control one for each ambient
temperature because of its enhanced carrier mobility, which can also help to boost the cut-off
frequency ( f,) and maximum oscillation frequency ( £, ) as shown in Fig. 5-3.

Figure 5-4 compares the noise measurement results in terms of the minimum noise figure

(NF.

") and equivalent noise resistance (R, ) for the strained and control devices. The strained
device shows the better high-frequency noise performance than the control one. The good
match between the measured and modeled results based on the equivalent circuit in [14] (or

refer to Fig. 6-2, Chapter 6) also indicates the validity of the extracted noise parameters

shown in this chapter.

5.3 Channel Noise Characterization
The extracted power spectral density of channel noise (S,,) is shown in Fig. 5-5. It
shows that the strained device has larger S, than the control one for a given bias point. This

phenomenon can be explained by the following model equation developed by Asgaran et al.

[15]:

(5-1)

Vs
Sid:4kBTID[ L o | AT

VD,sut 3VGzT V

D,sat

where k&, ~1.38x107'J/K is Boltzmann constant, 7 is the ambient temperature in Kelvin,
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%

s 18 the drain saturation voltage, V. =V, —V; is the gate overdrive voltage, and «a is

the bulk charge coefficient.
This model indicates that in the saturation region, channel length modulation is the main

mechanism responsible for the excess channel noise. Since the impact of tensile strain on

Vi Of the strained nFET is negligible as shown in Fig. 5-6(a), the larger drain current (/)

present in the strained device is responsible for the larger S, . The validity of Asgaran model

has also been confirmed in Fig. 5-6(b).
On the other hand, the well-known van der Ziel’s model [11], which uses the white-noise

gamma factor to characterize S§,,, can be written as:

S = 74kpTg 4 (5-2)
where g,, 1s the channel conductance at zero drain bias, and y is the noise factor. For long
channel devices, ¥ would approach 2/3 in'the ‘saturation region. For short channel devices,
however, it would be larger than 2/3, and can be considered as a figure of merit used to assess
the excess channel noise.

Figure 5-7(a) shows the extracted g,, versus temperature. The larger g,, for the
strained device results from its higher mobility. In addition, two different temperature
dependences can be observed. At lower V., the lowered threshold voltage at higher
temperature contributes to the positive temperature coefficient of g,,. At higher V.,
however, the degraded carrier mobility overwhelms the effect of lowered threshold voltage at
higher temperature, causing g,, to decrease with increasing temperature.

Figure 5-7(b) shows both the strained and control devices have nearly the same noise
factor y, which means they suffer approximately the same short channel effect on the high
frequency noise performance. Besides, since both §,, and 7, (or g,,) scale with mobility,
the result of similar » for both the strained and control devices can be expected as indicated
by Equ. (5-1). For completeness, the plot of noise factor versus channel length for different
ambient temperatures is shown in Fig. 5-8. It shows that both strained and control devices
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indeed have similar noise factors, which remain to increase with channel length scaling for
the 65nm technology node.

It is worth noting that §,, tends to decrease with increasing temperature at high ¥
(see Fig. 5-5). This is consistent with the result for the medium-long channel device
(L=0.36pum) [16] due to the severe decrease of g,, counterbalancing the increase of
temperature (see Equ. (5-2)). However, the temperature dependence is not so significant for

the 65nm technology under this study.

5.4 Noise Parameters Characterization

The minimum noise figure ( NF,

min

) and equivalent noise resistance (R ) can be

approximately expressed by the following equations [14][17].

2 S. S,
NF. ~1+— |[R +R J—“-xiewC g +w@’C.R, |—4 5-3
min gi ( S é)4k7-(,) { &ggm g8 . g 4k71)} ( )
R, zl(Rg+Rs)+L2
T, 4108, (5-4)

where T =290K is the reference temperature, and C,, =C, +C,, is the gate capacitance.

Note that since the induced gate noise current has been found to be insignificant at 65nm node
even in the millimeter-wave application [14], it has been neglected in the above derivation.
For a given DC power consumption, compared with the control device, since the strained
device exhibits larger trans-conductance and comparable §,, as shown in Figs. 5-9 and 5-10,
respectively, Equations (5-3) and (5-4) implies that the strained device would have smaller

NF_. and R, as shown in Figs. 5-11(a) and (b), respectively. Besides, the magnitude and

phase of the optimum source reflection coefficient ( and ZI' ) for a given drain

opt

ant

current are respectively depicted in Figs. 5-11(c) and (d) for the reader’s reference, although
the effect of the tensile strain on them is not significant.
Finally, it should be noted that the similar access resistances and gate capacitances
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shown in Fig. 5-12 and the insets of Fig. 5-9, respectively, indicate the negligible impact of
tensile strain on them for the two different fabrication processes. Therefore, they can not be
attributed to the discrepancy of the high-frequency small-signal and noise performance

between the strained and control devices.

5.5 Summary

In this chapter, we have investigated the high frequency noise behaviors of the
tensile-strained nMOSFET. With nearly the same saturation voltages and noise factors, the
strained device presents larger S, than the control device due to its enhanced mobility for a
given bias point. Besides, both the strained and control devices share the same temperature
dependence of S, . Finally, for a given DC power consumption, due to the enhanced
trans-conductance, our experimental results show that, in addition to the better f, and f

the strained device has the better NF,, .and R, than the control device.
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Chapter 6

Millimeter-Wave Noise Characterization

6.1 Introduction

With the downscaling of channel length into decananometer regime, RF MOSFETs have
become good choices for millimeter-wave applications [1]. Although RF noise
characterization and modeling for deep sub-micron MOSFETs have been widely studied, the
operating frequencies were mostly limited to several GHz and should be extended to fit the
need for millimeter-wave applications. Therefore, there is an urgent need to characterize and
model the noise behaviors up to millimeter-wave frequencies. Although Waldhoff et al. [2]
have shown noise parameters covering the millimeter-wave regime, their results were based
on the F50 method [3] that may not be accurate’enough due to its approximations for noise
parameter extraction.

In this chapter, to more accurately obtain and model the millimeter-wave noise behaviors,
the tuner-based method is used instead [4]. With the help of tuner-based Auriga scattering and
noise parameter measurement system [5], a complete millimeter-wave noise characterization
and modeling for MOSFETs fabricated in 65nm technology can be achieved. Note that
contrary to the in-situ tuner based technique [6][7], the Auriga measurement system uses an
external tuner to avoid the pre-design, characterization and de-embedding of the on-die tuner,

and maintains reasonable measurement results.

6.2 Devices and Experiments

The bulk devices used in this chapter were fabricated using UMC 65nm technology
process and laid out in multi-fingers and multi-groups structure with two-sided gate access.
The number of fingers and groups are 8 and 4, respectively, and finger length is 4 um, which
might not be optimized for millimeter-wave applications. The scattering (S ) and noise
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parameters (minimum noise figure NF

min ?

equivalent noise resistance R, , magnitude of

optimum source reflection coefficient |I,, |, and phase of optimum source reflection

coefficient /T, ) from 18 to 60GHz were measured using Auriga scattering and noise

parameter measurement system, and the dummy OPEN and SHORT de-embedding technique
was used to eliminate the parasitic contributions from the probing pads and metal
interconnections [8]. The Auriga system was carefully calibrated and the accuracy of
measurement results were confirmed by the widely used 18GHz ATN scattering and noise
parameter measurement system as shown in Fig. 6-1. The good agreement between the
extracted channel noise and its theoretical value for a cold device shown in Fig. 6-1(c) also
validates measurement reliability.

The equivalent circuit shown in Fig. 6-2 was used to characterize devices’ noise
behaviors, and its small-signal model elements were carefully extracted using the approach
presented in [9]. In this figure, the input resistance R, and phase delay 7 are essential in

describing the intrinsic small signal behaviors when operating frequencies approach cut-off

frequency ( f;), and the junction capacitance C,, along with substrate resistance R, are

used to model the RF substrate loss. In addition, the series inductances (L,, L,, and Lg) are

pronounced for the high-frequency operation. Therefore, these elements must be considered
when it comes to millimeter-wave characterization and modeling. Table 6-1 shows the
intrinsic small-signal parameters that can benefit the characterization of the noise parameters.
Besides, since the gate current is about or smaller than 1nA, its associated incremental

resistance (>100 MQ ) and resulting shot noise (= 10 A%/Hz) are neglected in this model.

6.3 Channel Noise Source Characterization and Modeling
Figure 3 shows the extracted power spectral density (PSD) for channel noise i,, induced

gate noise i, and their correlation noise (denoted as S, S, and Sig - » respectively). To

ig?
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obtain these intrinsic PSDs, the noise contributions from the parasitic series and substrate

components were eliminated following the approach presented in [10]. S, is shown to be

. . 2 .
frequency independent, and S, and Sig  to be proportional to f° and f°, respectively.

These relations agree with the van der Ziel model [11]. Besides, our extracted results coincide

with the previous findings that with the channel length scaling, S,, are expected to increase,

while S, and Sig .~ are expected to decrease [10][12] due to the smaller oxide capacitance

coupling [13]. Note that due to the smaller power gain and hence the larger inaccuracy in

noise measurement, the upper measurement frequency is limited to 40GHz for L =0.24 um

device. The short-circuit current gain (|H 21|) and unilateral power gain (U ) versus frequency

are also shown in Fig. 6-4 for the reader’s reference.

Traditionally, S, can be expressed as [11][13]:

Siq = 4k T8 40 (6-1)

where k&, ~1.38x10J/K is Boltzmann constant, 7' is the ambient temperature in Kelvin,
g, 1s the channel conductance at zero drain-source voltage, and y is noise factor. The
extracted noise factor versus channel length is depicted in Fig. 6-5, which shows that y

continues to increase with decreasing channel length.

Asgaran et al. [14] have developed an analytical expression for S,, based on the

classical thermal noise theory with taking the channel length modulation into account.

1 a7, 4k, TI

S, = 4kBTID[ g’s‘”j ~ kyTl
VD,Sat 3VGT VD,Sat (6-2)
where V), is the drain saturation voltage, at which the carriers start to travel with their

saturation velocity, V, is the gate overdrive voltage, and « is the bulk charge coefficient.
The approximation is especially valid for shorter devices with smaller V), . The extracted

and modeled S, versus drain current /,, for different channel lengths are shown in Fig.
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6-6. In our experiments, the values for V), , under a given gate bias V;; were extracted by

linear extrapolation in the output resistance versus drain bias plot [15], and the V,

,sat
extraction results are also shown in Fig. 6-7.

According to this model [14], devices with smaller V), which means suffering more

serious channel length modulation in the channel, would exhibit larger channel noise. As
shown in Fig. 6-7, since V), continuously decreases with downscaling channel length, one
can expect that S, would continue to increase as shown in Fig. 6-6. Since Equ. (6-2) was a
purely thermal noise based model, the good channel noise modeling results also imply that the

shot noise is not significant at 65 nm technology node, which agrees with the results shown in

[16]. This also explains the increase of noise factor y with the downscaling of the channel

length.

6.4 Noise Parameter Characterization and Modeling

Based on the equivalent circuit shown in Fig.'6-2, and the channel noises extracted in the

previous section, the noise parameters were simulated using Agilent ADS. Note that the noise

sources associated with series resistances (R,, R,,and R,) and substrate resistance (R, ) are

considered as thermal noise, and their PSDs can be expressed as 4k,T / R, where R is the

resistance value. In addition, for simplification, we have neglected S, and Sigi - asin [17].

To validate the assumption for millimeter-wave modeling, both the modeling results with and

without considering S, are shown in Fig. 6-8 for comparison. This figure shows that

without considering S, , the errors are still within acceptable range especially for

L=0.12 um and L =0.06 um devices, and this supports the approximation we used in the
millimeter-wave modeling. Besides, since the L =0.24 pym device is not suitable for

millimetre-wave application due to its low cut-off frequency f, and maximum oscillation
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as implied in Fig. 6-4, the larger errors in NF,, and G,, for this device

frequency f

max

may not be a concern for millimeter-wave applications.

6.4.1 Intrinsic Noise Parameters

Neglecting S, and S, ., the intrinsic noise parameters can be expressed as follows.
L igid

R _ Sid
"4k, T (g2 + 0’ CY) 63)

1_1—‘0 in a)zczsRi
Gopt,int = RGL P ] ~ -

~ 2,2 p2
1+0,, ) 1+0°C R, (6-4)
1 - 1—‘o in
BoPt,int = Im{#} ~ _a)(Cgs + ng)
opt,int (6'5)
S @’C>R.
NFmin,im ~1+ 4Rn,intGopt,im ~ 1+ 3 — (6_6)

kT (g2 4 @€ 1+ 0°C2 R?

where the subscript ‘int’ means the. intrinsic: part, and 7; =290K 1is the reference

temperature.

A good figure of merit (FOM) to judge the intrinsic noise performance is

A\ (gi+a)2C§d)z S, /g’ . According to Equ. (6-3), lower Sid/g,i can lead to smaller

R which can benefit the input matching for circuit design. Figure 6-9 depicts §,, and

n,int 2

R, .. versus g. for different channel lengths. It shows that with length scaling down, the

n,int

increase of the channel noise tends to overwhelm the increase of g>, and in turn degrades

R

n,int °

6.4.2 The Impact of Gate Resistance on Noise Parameters

It has been shown that the gate resistance has significant impact on the noise parameters
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and can not be ignored in deep sub-micron noise modeling [17][18]. In fact, as the gate
resistance exists, the total expressions for noise parameters have the following relations to the

intrinsic ones.

Rn ~ Rn,int + £Rg
% (67)
Rn,int
Bopt ~ R Bopt.int
" (6-8)

2
Rn in Rn in
Gopt ~ \/[R—,t](Gjpt,int + ijt,int )_ (TtJ ijt,int
n n (6_9)

2 2
NFmin ~ 1 + 2RnG0pt + 2Ran,int( opt,int + Bopt,int) (6_10)

These equations suggest that the gate resistance would highly increase equivalent noise
resistance and minimum noise figure. In addition, since the gate resistance is significant in
shorter devices as shown in Fig. 6-10,:1ts impact on their noise parameters is expected to be
more serious. This is also confirmed in Fig. 6-8, where larger error can occur in the shorter

device without considering the gate resistance:

Note that for cases where R, is comparable or even larger than R, as in [17], more
accurate equations can be obtained by replacing R, with R, + R, in Equs. (6-7) to (6-10).
Besides, the value of R, can be changed as a function of the gate materials, the number of

gate fingers, and the gate layout geometry. Therefore, the effect of R, on the noise

parameters can be greatly varied at different cases.

6.4.3 The Impact of Substrate Resistance on Noise Parameters
Reference [19] has considered the effect of substrate resistance (R, ) on high-frequency
noise modeling. The modeling results without considering the substrate resistance are also

shown in Fig. 6-8. This figure shows, however, as compared to R, , the substrate resistance
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R, has much smaller influence on noise parameters. To explain this, one can find that at very
high frequency, the drain-side noise current’s PSD can be approximated by S, +S,, , where
S, =4k,T/R, is the noise current PSD for the substrate resistance. As shown in Fig. 6-11,
based on the extracted values of R,, S, is about 1/10 of S,, at the very high frequency

and can be ignored. That is, in millimeter wave frequencies, the overall noise performance

would be mainly dominated by S, and R,.

6.5 Summary

We have demonstrated the millimeter-wave noise characterization and modeling for

65nm MOSFETs based on the tuner method for the first time. Our experimental results show

that with the continuous down scaling of channel length, the channel noise S,, would remain

the dominant noise source in the intrinsic part of the device due to the serious channel length
modulation, and can be predicted by the traditional thermal noise theory. The sharply

increased S, also degrades R .

Finally, the millimeter-wave noise ‘modeling is achieved. With the help of circuit

simulation, the impact of R, and R, on the noise parameters has been examined.

Compared to R,, R, is shown to have more serious influence on the noise parameters, and

should be included in the millimeter-wave noise modeling.
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Table 6-1 Extracted intrinsic small-signal parameters that can benefit the characterization

of the noise parameters. (V , =1.0V, V), =1.2V)

L(pm) R  g,mS) C,(F) C,0F) 7(ps)
0.06 6.8 151.8 71.3 36.4 0.2
0.12 34 106.9 146.3 42.4 0.7
0.24 3 74.8 317.2 '47.6 1.2
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The

impact of §,,, the gate resistance and the substrate resistance on these noise parameters are

also shown.

140



2152
S, (x107*A%Hz)

Figure 6-9 S, and R

10 . . 20
s ]

[ 115
61

I 110
4 ]

[ 15
2f -
ol W= ' lo
0.00 0.01 0.02 0.03

2
g, (@)
versus g. .

141



5_ I I I I I
g 4t ‘
O:m l\
o 3r | .
o
c I
S I
D 2} -
2 2r
o 1
x
o 1f ]
S
) i |
O L PR IS TN ST SN SR LAy W T TN TR IS W S SN W NN WA WY WY TR [N O ST S 1
0 50 10073500 200 250 300

Gate Length, L (nm)

Figure 6-10 Extracted gate resistance (R, ) versus channel length.

142



300 [ . 0.2
S 250f ;
|
G 200[ ]

(@] L i

s | |

£ 150} Joa
@ [

o 100} ]

'.G_.z L

E [

2 50 | s

Q L

> [ ]

(0))] 0L e e e 1 100

0 50 100 150 200 250 300

Gate Length, L (nm)

Figure 6-11 R, and S, /S, versus gate length.

143



Chapter 7

Conclusion

In this dissertation, based on the traditional RF small-signal and noise framework, we
have comprehensively investigated the RF noise characteristics for various kinds of
MOSFETs fabricated in contemporary advanced process technologies. These devices include
bulk MOSFETs, SOI MOSFETs [1][2], SOI DT MOSFETs [3][4], and tensile-strained
MOSFETs [5]. To achieve this goal, we have tailored the traditional small-signal equivalent
circuit to take into account the specific effects present in respective MOSFET devices. The
corresponding approaches to the extraction of small-signal and noise parameters have also
been well developed. For the first time, the temperature effect on the RF noise behaviors for
each device has been investigated as well [6].

In Chapter 2, the need of considering the neutral-body effect on the RF SOI small-signal
modeling has been demonstrated. Due to, this ' SOI-specific effect, the traditional equivalent
circuit for bulk MOSFETs and its corresponding parameter extraction methods have to be
modified accordingly both in the extrinsic and intrinsic parts. Our measurement results have
shown that the neutral-body effect may influence the output characteristics of RF SOI
MOSFETs in the GHz regime. The anomalous S,, and S,, behaviors can also be predicted
and captured using our proposed model.

In Chapter 3, we have investigated the noise characteristics for both the bulk and SOI
MOSFETs. The channel noise S, is found to decrease with increasing temperature due to
lower channel conductance at higher temperature. However, this trend is not obvious for
devices with channel length below 0.12um. Compared to the bulk MOSFETs, the SOI
devices own the larger noise factors. The inherent floating-body effect and self-heating effect
may contribute to this phenomenon. Our experimental results also show that the SOI device

has worse NF,, and R, than the bulk counterpart due to its larger S,, and lower g, .
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In Chapter 4, the temperature dependences of RF small-signal and noise behaviors for

the SOI DT MOSFET have been studied. In the attractive low VDD regime, g, tends to
increase with increasing temperature, and hence causes both f, and f,, to have positive
temperature coefficients. Besides, due to larger g,, at higher temperature, the channel noise

S, also has a positive temperature coefficient in the low VDD regime. In addition,
compared to S, the much higher g’ towards the weaker inversion region can cause R,
to have a negative temperature coefficient. Our study also indicates that in the low VDD
regime, the large R, has little impact on the temperature dependence of NF, . for the SOI

DT MOSFET.

In Chapter 5, the high frequency noise behavior of the tensile-strained nMOSFET has

been examined. The strained device presents larger S, than the control device due to its

enhanced mobility for a given bias point, while both the strained and control devices have the

same temperature dependence of S, . However, fora given DC power consumption, due to

the enhanced trans-conductance, our experimental results show that the strained device has

better NF_. and R  than the control one.

In Chapter 6, we have demonstrated the millimeter-wave noise characterization and
modeling for 65nm MOSFETs based on the external tuner method for the first time [7]. In the

millimeter-wave frequency band, the channel noise §,, remains the dominant noise source

in the intrinsic part of the device, and can still be well predicted by the traditional thermal

noise theory. We also show that compared to the substrate resistance R,, the gate terminal

resistance R, has more serious influence on the millimeter-wave noise parameters.
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